Evaluation of alternative methods for fire rating structural elements by Gilvary, Kenneth R.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1997
Evaluation of alternative methods for fire rating
structural elements
Kenneth R. Gilvary
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Gilvary, Kenneth R., "Evaluation of alternative methods for fire rating structural elements" (1997). Theses and Dissertations. Paper 476.
_Gilvary" Kenneth
R.
Evaluation of
Alternative
Methods for Fire '
Rating Structural
Elements
June 1,1997
Evaluation of Alternative Methods
for
Fire Rating Structural Elements
r-
by
Kenneth R. Gilvary
A Thesis
Presented to the Graduate and Research Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
in Civil Engineering
Lehigh University
May 7,1997

ACKNOWLEDGMENTS
This research was funded by the National Institute of Standards and Technology
(NIST), located in Gaithersburg, Maryland. The author would like to thank Dr. Leonard
Cooper, of NIST for his technological support, and conception of this project. The
author is very thankful for the research assistantship funding which was provided by
NIST and by the Center for Advanced Technology for Large Structural Systems
(ATLSS).
The author is grateful for the support and guidance provided by Dr. Robert Dexter,
and appreciative of the insight provided by Dr. John Fisher. The -author would also like
to thank Dr. Jean-Mark Franssen for his assistance and instruction in the use of the
specialized software, SAPIR. The author would also like to extend special thanks to all
of the ATLSS staff, especially Perry Green, for his generous assistance in the use of
ABAQUS, and finally Dr. Harries, Dr. Rides, and Mr. Thompson for their valuable
insight into some of the more complicated concepts involved in the modeling of fire
exposed structures.
111
TABLE OF CONTENTS
LIST OF FIGURES VI
ABSTRACT , 1
1.0 Introduction 3
2.0 Background 9
2.1 Current Approach 9
2.2 Available Experimental Data 19
2.3 Computational Approaches 20
3.0 The SAFIR Finite-Element Software 25
3.1 Transient and Non-Uniform Temperature Distribution 27
3.2 Analysis of Mechanical Behavior 32
3.2.1 Fiber Type Beam Elements 33
3.2.2 Constitutive Models 33
3.2.3 Treatment of Residual Stress 34
~
3.2.4 Sequence of Loading 35
3.2.5 Torsional stiffness and warping function 35
3.2.6 Sensitivity to Numerical Parameters 36
3.3 Pre & Post-Processing : 38
4.0 Application of SAPIR 39
IV
· 4.1 Comparisons with Other Codes for Simulation of
Structural Elements Exposed to Fire '.. 39
4.2 Comparisons to ABAQUS 41
4.2.1 Usability " 42
4.2.2 Accuracy 42
4.3 Comparisons to Experimental Data 44
4.3.1 Comparisons to Tests on Steel Columns 45
4.3.2 Comparisons to Tests on Concrete Filled Tubes 51
4.4 Residual Stress 56
4.5 Slenderness 59
4.6 Application to a Continuous Structure ' 62
4.7 Summary of SAFIR 64
5.0 Hand Calculation 66
6.0 General Discussion 70
7.0 Conclusions and Recommendations 74
7.1 Conclusions 74
7.2 Recommendations 76
REFERENCES 79
v
(,
LIST OF FIGURES
Exposed Steel Frame with Water-Filled Columns 5
Meridian Plaza ( Five years after Fire) 6
ASTM E119 Specified Temperature-Time History 9
Concrete Filled Tube After ASTM E119 Furnace Test
Loaded Option 11
ASTM E1l9 and ISO Temperature-Time History 14
Furnace Test on Slim Floor System
Top View ' : ' 15
Furnace Test on Slim Floor System
Bottom View 16
Furnace Test Data
REA-lOO 20
Stress-Strain Relationship for Steel at Elevated Temperatures 23
Reduction Factors for the Stress-Strain Relationship of Steel
at Elev~ted Temperatures 24
Stress-Strain Relationship with Temperature for 350 MPa Steel ' 25
Simplified SAPIR Schematic 26
Temperature at Center of a Solid Steel Bar (30 cm X 30 cm)
Submitted to ASTM E119 Standard Fire 28
Composite Floor Section Utilizing Quarter Symmetry
Fire Simulated from Beneath
Solid Elements 30
Prestressed Composite Floor Section
Fire Simulated from Beneath
Plane Elements 31
VI
Comparison of Five Computer Based Fire Codes 39
Eccentrically Loaded Column Submitted to ISO Fire 40
Failure Temperature vs. Load
ABAQUS & SAPIR 43
Fillets at Intersection of Web and Flanges 44
European Section REA 100 45
Sweep, According to AISC 46
Actual Test Data & SAPIR Simulation
Load vs. Temperature 47
Points Where Temperature has been Measured to Calculate the
Average Temperature of a Simulated with SAPIR 50
Concrete Filled Tube Dimensions 52
Axial Deflection of a Concrete Filled Tube 53
Temperature at the center of a CFT submitted,.to the
ASTM El19 Fire 56
Typical Residual Stress Distribution 57
Peak Residual Stresses Found as a Percentage
of the Yield Stress 58
Normalized Peak Load as a Function of Percentage of
Peak Residual Stress 59
Average Temperature of a W14X311 Pinned Column
Heated According to ASTM E119 60
Average Temperature of a W14X311 Pinned Column
Heated According to ASTM E119 61
Vll
Five Bay Continuous Structure Submitted to
ASTM El19 Fire 63
Modified LRFD approach Compared to HEA 100 Test Data 68
viii
ABSTRACT
Computational methods were evaluated for predicting the load capacity of
structures subjected to fire. The purpose of the research was to evaluate the feasibility
c
of using a computational approach to determine ASTM E119 ratings as a possible
alternative to full furnace testing. A range of possible approaches was evaluated, from
simple calculations to sophisticated numerical simulation. Simple calculations were
shown to be useful and accurate for most simple case~ such as buckling of steel columns
at uniform temperature. However, for members with nonuniform temperature
distributions and/or composite cross-sections, special purpose computer programs are
required.
Many of these programs have significant limitations, especially that they are not
"user-friendly" and cannot be readily used by non-experts. Among the best is a program
now called SAFIR which was developed primarily by J.M. Franssen at the University of
Liege in cooperation with ARBED. SAFIR is easy to use and is useful for evaluating the
fire resistance of all common types of construction.
\
The algorithms in SAFIR were validated by comparing the results for the buckling
of isothermal steel columns to the results from commercial finite-element software.
Initial applications of SAFIR involved simulating the response of structural elements
under load as they are subjected to ASTM E119 furnace fire tests. These applications
included simulations of furnace experiments on loaded steel columns and concrete filled
1
tubes. Comparisons between results computed with SAPIR and measured experimental
results show good agreement.
The usefulness of SAPIR was demonstrated by: 1) modelling complex structural
elements that would be impractical to model with commercial finite-element software;
and, 2) evaluating special situations such as partial fire exposure and exposure of a
continuous frame to fire in one bay. It is concluded that SAPIR is a useful and reliable
tool which could serve as an alternative to the ASTM E119 furnace test method for
determining fire resistance ratings. Acceptance of such a computational alternative
could: 1) lead to significant savings in the cost of determining building-code-specified
fire resistance ratings 2) provide increased fire safety; 3) result in more efficient,
economical, and innovative building construction; and, 4) facilitate the use of advanced
construction materials.
2
1.0 Introduction
Fire research can usually be associated with one of two main categories; life safety
or structural integrity. Life safety research deals with i~sues such as smoke propagation,
smoke alarms, sprinklers, fire walls, fire resistant materials, and safe effective exit paths.
Structural integrity research deals with issues such as the load capacity a structural
system during and after a fire. The primary focus of this thesis is the structural integrity
of building structures subjected to fire.
Structural integrity research is very important to assure the safety of firemen that
enter burning structures and people that are trapped inside burning structures. The
potential hazard of damage to surrounding structures may also be of some significant
concern. Finally, structural integrity research can help resolve issues concerning the
reinstatement of fire-damaged structures.
The concept ~f fire-resistant design of structures has been developed since at least
the late 1800's. The first set of standardized column fire tests was carried out by
Underwriters Laboratories, Inc. in 1917. The results from those tests indicate that most
steel columns collapse under full design load at average temperatures above 538 °C [1].
Design for fire resistance of steel frames is still based, for the most part, on the
empirical concept of limiting the surface temperature of members to 538°C. For various
reasons that are explained in the following section, this approach is inefficient a~oes
I
not accurately predict structural integrity. An alternative numerical approcfh is
investigated herein. The approach involves simulating the thermal and mechanical
3
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behavior of a structure subjected to prescribed temperature histories on the surfaces of
particular members using the finite-element method.
The determination of an appropriate temperature history is not addressed in this
thesis. Rather, this preliminary research is focused on the behavior of structural members
exposed to an accepted "standard fire" temperature history. As explained in the
following section, this standard fire history is excessively conservative. Research is
being conducted to determine rational temperature histories based on the contents and
configuration of a building and various fire scenarios. These rational histories could also
be used with the numerical approach evaluated herein in lieu of the standard fire
temperature history.
The numerical approach is particularly useful for modelling the behavior of
\
complex members, non-isothermal members, members only partially exposed to fire, and
continuous frames. An example of an innovative nonconventional frame is the exposed
steel frame shown if Figure 1.0.1 below.
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Exposed Steel Frame with Water-Filled Columns
Figure 1.0.1 - Norcon Building in Hannover Germany [2].
Exposed steel frames such as these are becoming increasingly more common in
many parts of the world. It is clear that the steel columns shown above could not be
surrounded by fire, but, the present codes in the U.S. require that columns such as these,
be tested with fire exposure on all four sides. Unprotected columns cannot pass this test,
therefore exposed exterior frames typically do not meet building code requirements. An
extensive special analysis and receptive building officials are presently required to allow
the construction of a building such as this in the U.S.
5
Another significant potential use of a numerical approach is to study the issue of
reuse of a stmcture after a fire. Dispute over the adequacy of stmctural members can be
very costly. The Meridian Plaza building in Philadelphia, shown in Figure 1.0.2 below,
is a good example of this.
Meridian Plaza ( Five years after Fire)
Figure 1.0.2
The Meridian Plaza is a 38 story office tower which stands directly across from city
hall in downtown Philadelphia. In Febmary 1991, a fire started on the 22nd floor and
burned through to the 30th floor. The building is presently covered with plywood and
is an eye-soar to passing tourists and a detriment to surrounding businesses. A recent
6
article in the Wall Street Journal [3] described the building as "a high rise crack house".
The building is still in this· condition because of protracted litigation over the extent of
the repairs required to reinstate the building.
One of the biggest issues is the extent of repairs necessary to restore the load
capacity of the frame of the building. The owners of the building contend that the fire
created residual stresses which weakened the load capacity of the building. The owners
want the fire damaged top of the building to be replaced from the 19th story up. The
insurance company and its engineers contend that the frame of the building is safe, and
that only excessively deformed beams need to be replaced. The owner's option would
cost 400 million dollars, but the insurance company's option would only cost 100 million
dollars. T~e two parties are finally coming to some agreement after more than six years
[4,3]. An accepted numerical method for the assessment of the capacity of buildings
exposed to fire could have hastened the resolution of this dispute.
The purpose of this thesis is to present an evaluation of a range of methods for the
prediction of the thermal and mechanical response of structures submitted to elevated
temperatures. In addition, the accuracy and usefulness of a special-purpose finite
element program called SAFIR is evaluated.
The following section contains background about the current approach used to
design for fire resistance, available experimental data, and various computational
approaches for modeling structures exposed to fire. Chapter Three contains a detailed
description of the finite-element software SAFIR. Various applications of SAFIR are
7
presented in Chapter Four, including comparisons to experimental data. Chapter Five
discusses a hand calculation that can be used for simple cases. Chapter Six has some
discussion, followed by some conclusions and recommendations for future work.
8
2.0 Background
2.1 Current Approach
In the United States, fire resistance requirements specified in building codes are
typically expressed in terms of fire endurance ratings of a building's structural members.
The ratings are determined according to the American Society for Testing and Materials
(ASTM) El19 test method "Standard'Methods of Fire Test of Building Construction and
Materials" [5]. An ASTM E119 rating is defined as the length of time a member of a
structure can withstand exposure to the standard fire without critical loss of its load-
bearing capability. The st~ndard fire is defined in the ASTM El19 document in terms
of a specified temperature-time history.
ASTM E1l9 Specified Temperature-Time History
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Figure 2.1.1 [5]
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Structural elements are rated according to ASTM E119 by testing them in a
furnace, where they are exposed to the standard fire environment shown above. It is
difficult for a furnace to follow the ASTM E119 temperature-time curve exactly,
therefore; the code allows for some variation from the prescribed curve. This is one of
many reasons which can contribute to scatter in results from test to test.
For structural columns, solid structural steel beams and girders, ASTM E119
provides two rating options, namely, furnace testing with or without simultaneous load.
All other structural (i.e., load-bearing) building elements are always rated under loaded
conditions [5].
In the case of testing without load, the ASTM E119 acceptance criterion for rating
a structural element is that the temperature of the steel does not exceed certain specified
values. The limiting average exterior temperature of a structural steel column or beam
is 538°C, which was probably chosen because it is both: 1) equivalent to the niCe round
1000OF; and, 2) an approximation of the temperature at failure of hot-rolled structural
steel and prestressing strands in furnace tests under typical allowable service loads.
Regardless of whether the test is carried out with or without load, a column is
exposed to the standard fire on all four sides. This type of exposure is excessively severe
for exterior columns, especially in an exposed exterior frame. Also columns in rooms
with virtually no combustible material such as a swimming pool should not be required
to withstand such a severe fire load.
Figure 2.1.2 shows a concrete filled tube still in place at the end of a loaded ASTM
10
E119 furnace test. There are presently no furnace test facilities, such as this, in the U.S.
which-are capable of carrying out column tests under load. For this r~ason, all ASTM
:8119 column ratings determined in the U.S. follow the no-load option. Some structural
steel column ratings under load have been acquired at the laboratories of the National
Research Council of Canada [6], which has the only loaded-column furnace facility in
North America.
Concrete Filled Tube After ASTM El19 Furnace Test
Loaded Option
Figure 2.1.2 [7]
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The ASTM El19 acceptance criterion for a column under load is that the column
successfully sustains the applied load for the duration of the test. No temperature-limit
criteria are involved. The alternate test for steel columns can be applied to bare steel
columns or steel columns protected with some type of fire resistant covering, provided
that protection is not required, by design, to function structurally in resisting applied
loads [5]. In the case of composite columns, such as a steel column incased in concrete,
a significant amount of the load may be taken by the concrete. There are no provisions
in the code for testing composite columns without load. Therefore, the numerical
approach could be particularly useful for modelling composite columns.
ASTM El19 requires that the average temperature of a member be measured by
thermocouples, placed on the outside surface of the structural steel column or beam.
This is necessary because it is impractical to measure the temperature of the inner
material. It is clear that this would be a conservative measurement, considering that the
outermost surface, which is exposed to the fire, will always be the hottest part of the
cross-section [8]. A computer simulation can clearly and accurately show the
temperature distribution throughout a cross-section as a function of time.
Besides the technological differences between the two test options, there are other
more general problems with the rating procedure. Although ASTM E119 ratings are very
conservative, these ratings have been used successfully for many decades as the basis for
fire-safe design in U.S. In fact, where required rating criteria of building codes have
been satisfied, cases of partial collapse are few and cases of complete collapse of large
12
multistory buildings are non-existent.
The primary problem with the ASTM El19 rating is that the standard fire does not
accurately simulate real building fires [8]. For example, the temperature of the standard
fire is monotonically increasing with time for up to eight hours. This temperature history
was originally recorded from a fire that was continuously fueled with railroad ties [9].
The temperature of a real fire rises to a peak value and then begins to decrease with time.
A floor in a typical office building will generally bum itself out in about two hours. It
is generally accepted that the continuously increasing ASTM El19 temperature history
would be impossible unless the fire was being continuously fueled.
Fire severity as well as the peak temperature and time to the peak of the
temperature-history depend on several factors, including;
1. Fire load (amount and type)
2. Distribution of this fire load
3. Specific surface characteristics of the fire load
4. Ventilation
5. Geometry of the fire compartment
6. Thermal characteristics of the enclosure boundaries
7. Relative humidity of the atmosphere [5]
The European building code uses a similar temperature-time history to the ASTM
El19 standard fire, referred to as the ISO temperature-time history. A comparison
13
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between the ASTM El19 and the ISO curve is shown below. The term "fire resistance"
is defined herein as the duration of exposure toone of these standard fires of a loaded
structural element [10][11].
ASTM E1l9 and ISO Temperature-Time History
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Figure 2.1.3
Figures 2.1.4 and 2.1.5 show photographs of a furnace test being conducted at
CTICM in France on a "slim floor" system, used in many parts of Europe. This test is
r .'
similar to the ASTM E119 test for floor systems. The slightly different ISO standard fire
temperature history was used.
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Furnace Test on Slim Floor System
Top View
Figure 2.1.4 [12]
IS"
Furnace Test on Slim Floor System
\
Top View
Figure 2.1.4 [12]
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Furnace Test on Slim Floor System
/
Bottom View
Figure 2.1.5 [12]
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Furnace Test on SHm Floor System
Bottom View
Figure 2,1.5 [12]
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Figure 2.1.5, taken about twenty minutes after the furnace burners were shut off,
shows the fire brick on the inside of the test furnace continuing to glow brightly, which
illustrates the severity of the standard fire.
Close examination of the above photos reveal considerable deflection, but this
loaded floor system withstood the standard fire for over three hours without any fire
~
protection at all. The good fire resistance of the floor system in this test is partly due to
the negative moment and membrane action that develops, due to continuity of the floor
system over the walls of the test furnace. This floor system test is used as an example
to illustrate that the load capacity of an individual structural element exposed to fire is
dependent on the end constraints, which are coupled to the response of the overall
structure. The effect of end constraints on fire endurance of steel framed construction
is discussed in a recent paper published by AISC [13]. This paper shows that a beam
with rotation and displacement end restraints has greater fire resistance than unrestrained
beams.
A simple frame analysis using the SAFIR software is discussed in Chapter Four.
This frame analysis also demonstrates the additional fire resistance provided by a
continuous structural system relative to single member behavior. Because of the limited
size of test furnaces, in most cases only small assemblies or sub-assemblies can be tested.
An engineer must try to combine results from several tests to predict how a structure will
perform in an actual fire. Without a frame analysis simulating a fire scenario, end
constraints of structural columns in a fire must be assumed. Such constraints are
17
generally not simple and not constant in time. Steel plates or reinforced concrete can be
used to represent the boundary conditions in a column furnace test. In many cases these
boundary conditions can also act as a heat sink which lowers the average temperature
near the end of the column, which can confound the results.
Another criticism of furnace testing involves the steam released from concrete
assemblies. The furnaces are typically not well ventilated and the steam is confined to
the small volume of the furnace. The steam can have a significant effect on the heat flux
through the air surrounding a concrete column. The thermocouples used to monitor the
temperature o(the test fire are required to be set 12 inches from the specimen. The
thermocouples are located at the ends of the poles positioned on either side of the test
specimen in Figure 2.1.2.
Another conservative aspect of the ASTM El19 ratings is that it treats all structural
elements as if they were loaded to their maximum service load as required in the furnace
test. Typically, columns and many beams are sized larger than required for service load
capacity in order to control lateral drift [14]. However, regardless of the expected level
to which individual elements are actually loaded, present building codes would typically
require like structural elements to have the same ASTM E119 rating regardless of their
actual loading.
It .is clear that computational thermal and structural analysis can provide a means
of addressing and resolving these problems with furnace testing according to ASTM
E119. A c()mputer model can be used to simulate the results of fire tests without the
18
excessive cost of time and materials. The stability of a building can only be practically
assessed using numerical methods [15]. A computer model can quickly and easily
simulate different fire loads and structural loads. Results from a numerical simulation
include temperatures, deflections, stresses, strains and total structural response.
2.2 Available Experimental Data
According to ASTM E119, no comprehensive test program has been conducted to
develop data on which to derive statistical measures of repeatability (within-laboratory
variability) and reproducibility (among-laboratory variability) of experimental fire test
results [5]. With this in mind, data were collected from labs in Europe, Canada, and
Australia. It was observed that there was considerable variation in the data for like
structural members, even when tested under the same conditions. The variation among
replicate tests of steel columns was as high as 27.4%, and the variation for replicate tests
of concrete columns was as high as 39.5%.
There is one particular set of tests from Rennes, France where there were enough
data from tests on the same size section, at different loads to create a reasonable basis for
comparison to computer simulations and hand calculations. The section used in these
tests was the rather small European H-section, HEA-I00.
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2.3 Computational Approaches
Various computational approaches for the evaluation of fire resistance exist. Many
of these are used routinely outside the United States. These approaches range from
simple hand calculations to complex nonlinear numerical simulation techniques. An
example of a simple hand-calculation approach can be found in the Australian building
code [16]. In this approach, structural elements are checked to see at what temperature
20
they would fail given specified loads. Equations for the structural material properties are
similar to those normally used for loading at ambient temperatures, except that
temperature-dependent material properties are specified. Fire protection is provided only
as necessary to prevent the element from reaching the limiting temperature for a specified
time. Although relatively simple, this approach solves the problem of all like elements
requiring the same fire protection.
In terms of sophisticated and, it is presumed, more accurate thermal and structural
analyses of fire performance, the computer programs called FASBUS-ll (for structural
analysis) and FIRES-T3 (for thermal analysis) were developed and have been used in the
U.S. for calculating fire resistance. The original version of FASBUS-ll was developed
at the Illinois Institute of Technology more than thirty years ago and later by Wiss-
Janney-Elstner and Associates (WJE) under an American Iron and Steel Institute (AISI)
sponsorship. FASBUS-ll is used by WJE in combination with the program FIRES-T3,
which was developed originally at U.c. Berkeley [15]. The combined programs were
used successfully by Jeanes [17] in simulations of experiments on a fire-exposed two-
story frame structure. Such calculations have also been used by Skidmore Owings and
Merril on a number of projects [18]. However, several users have reported numerical
problems with FASBUS-ll. It seems that FASBUS-ll gives reasonably good values when
a five second time interval is used, but, the solution does not converge for smaller time
intervals [9,19]. This is an indication of a problem with the software.
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A recent paper by Sullivan et al [15] has reviewed various numerical simulation
computer programs for simulating the effects of fire on structures, including CEFFICOS
(an earlier version of SAPIR) as well as FASBUS-nand FIRES-T3. They concluded that
all of these programs have significant limitations, especially that they are not "user-
friendly" and cannot be readily used by non-experts. However, certain programs have
very useful capabilities and are being used extensively.
Among the best of the specialized computer programs is SAFIR, which was
developed primarily by J-M. Franssen of the University of Liege in cooperation with
ARBED [20,21]. SAPIR can simulate the thermal and structural response of fire-
exposed structures. SAPIR is presently being further developed. With this in mind, it
was decided to choose SAPIR for further evaluation.
Numerical simulation is more accepted in Europe than in the U.S. The European
building code explicitly allows for numerical simulation as well as simple calculations
for assessment of structural fire resistance. fu "Eurocode-3: Design of Steel Structures"
(EC-3) a stress-strain curve is specified as a function of temperature, where the curve is
linear up to the proportional limit, parabolic up to the effective yield strength, and then
horizontal up to the limiting strain.
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Stress-Strain Relationship for Steel at Elevated Temperatures
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cp ,8 is the strain at the proportional limit;
Cy,8 is the yield strain; ~
;,8 is the limiting strain for yield strength;
cu ,8 is the ultimate strain.
Figure 2.3.1 [22]
EC-3 prescribes a specific temperature relationship for such material properties as
the effective yield strength, the proportional limit, and the reduction factor for the slope
in the linear elastic range [22].
Reduction Factors for the Stress-Strain Relationship ~f Steel
at Elevated Temperatures
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Figure 2.3.2 [22]
These two graphs are combined by the designer to create a stress-strain relationship
for a specified grade of structural steel at any elevated temperature.
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Stress-Strain Relationship with Temperature for 350 MPa Steel
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3:0 The SAFIR Finite-Element Software
The SAFIR software was developed in a VAX. VMS environment but has been
adapted by ATLSS to run on a SUN workstation and a Pentium PC. The ability to run
on a PC should significantly enhance the appeal of the software.
The calculations performed by SAFIR can be primarily divided into two separate
parts. The first is the calculation of transient and non-uniform temperature distribution
C?f a structure submitted to fire. The second is the transient analysis of the mechanical
behavior of a structure submitted to fire. The mechanical analysis uses output directly
from the thermal calculation.
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Simplified SAFIR Schematic
Discretize
Cross Section ThermalCalculation
Thermal Output
(In Terms of Time)
Structural Calculation
Structural Output
(In Terms of Time)
Figure 3.0.1
Nodes describing the elements for either thermal or structural calculations can be
introduced in either a Cartesian or cylindrical system of axes. SAPIR has the ability to
internally renumber the equations in order to reduce the band width of the matrix. Multi-
point constraints (master-slave relationships) can be used to impose the same temperature
or displacement at different nodes.
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3.1 Transient and Non-Uniform Temperature Distribution
SAFIR has the ability to perform thermal calculations using three-dimensional (3D)
solid elements as well as two-dimensional (2D) cross sections. Solid elements are linear
with eight nodes for typical bricks or six nodes for wedges. The material can be different
from element to element, allowing the modeling of non-homogeneous structures. The
cross-section of a beam element is described as a 2D plane section, comprised of linear
three-nodded triangular and/or four-nodded quadrilateral elements. A windows based
post processor is available for the discretization of steel I-shaped sections. The material
can be different from one element to another allowing the modeling of non-homogeneous
cross sections. Protected steel columns, reinforced concrete and many other types of
~omposite sections can be idealized in 2D for the thermal analysis.
SAFIR also has the ability to simulate the heat flux across hollow voids in
structural sections, but, in order to preform this calculation the voids must be convex.
Any node or set of nodes used to make up the section can have a temperature history
imposed as a function of time. The user can define any piecewise-linear temperature
history (or several other time functions) to any or all faces of a section.
The ISO standard temperature history may be specified as an option in SAPIR.
Although the ISO temperature history is very similar to the prescribed ASTM E119
temperature history (see Figure 2.1.3), the ASTM E119 temperature history was also
programmed as an option in the SAPIR code to facilitate use in the U.S.
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SAFIR produces a file that lists the temperature of each element as a function of
time, corresponding with the prescribed temperature-time history. The results from an
example analysis are shown in Figure 3.1.1 below. Figure 3.1.1 shows the temperature
history at the center of an unprotected solid steel bar subject to ASTM £119 temperature-
time history.
Temperature at Center of a Solid Steel Bar (30 em X 30 em)
Submitted to ASTM E119 Standard Fire
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Figure 3.1.1
There is an irregularity in the temperature-time relationship in Figure 3.1.1 around
720°C. This temperature corresponds to the transformation of the· steel from ferrite to
austenite, and the irregularity in the curve reflects the latent heat of transformation.
28
SAFIR also has agood model for simulating the heat flux through concrete. ASTM
E119 requires that the water content of concrete is reported for a furnace test. SAFIR has
the capability of taking the water content into account for thermal simulations. This
calculation includes correction for moisture evaporation as the simulated concrete
reaches elevated temperatures. In the Eurocode model for concrete, the water content has
an influences the thermal calculations because the energy needed to evaporate the
moisture is taken into account. SAFIR uses these Eurocode criteria to perform the
thermal calculations. In this model water residing in an element evaporates at 100°C.
Then the water may move to a cooler neighboring element and condense. This model
does not take into account some of the factors effecting the movement of the water
including the porosity of the concrete, preferential routes for moisture movement and
effect of cracking on the structure.
Figure 3.1.2 shows thermal results from an example using concrete. Quarter
symmetry was used with solid elements to model a concrete floor with a steel I-section
passing through the center. The concrete floor and steel I-section are being exposed to
a standard fire from beneath the floor.
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Composite Floor Section Utilizing Quar~er Symmetry
Fire Simulated from Beneath
Solid Elements
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Figure 3.1.2
Below, is another example of a temperature distribution calculated by SAFIR. In
this case, a prestressed concrete beam section is modeled. The prestressing bars are
located in the lower region of the section, and do not have a significant effect on the
temperature distribution.
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Figure.3 1.2
Below, i:-, another example 01 a ternperature distribution calcu!ated by SAfIR. In
this case. a prestressed concrete beam section is modeled. The prestressing bars are
located ill the lower region of the sectio]], and do :1Ot have a significant effect on the
temperature distribution.
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Prestressed Composite Floor Section
Fire Simulated from Beneath
Plane Elements
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Figure 3.1.3
Once the thermal simulation of a cross-sectional plane is completed, the output file
can be used to describe a beam element for simulation of mechanical behavior. The
mechanical simulation is described in the next section.
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INTENTIONAL SECOND EXPOSURE
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Figure 3.1,3
Once the thermal simulation of a cruss-sectional plane is completed. the OLltput file
can he used to describe a beam element for simulation of'/nechal11cal behavior. The
mechanical simulation is described in the next section.
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\3.2 Analysis of Mechanical Behayior
The transient analysis of the mechanical behavior of the structure uses the output
file from the thermal simulation. The time steps used by the mechanical calculation
correspond to the time steps defined in the thermal calculation.
In addition to solid elements, truss and beam elements are available in SAFIR, and
3D frames can be modelled using these truss and beam elements. Truss elements are
good for some simple cases, but the truss elements used by SAPIR can only be comprised
of a single material. The truss elements also must have a uniform temperature.
Simulations using solid elements are useful for many applications (Figure 3.1.2), but
solid elements are not practical for analysis of the total structural response of large
structures, therefore; the focus of this evaluation will be on beam elements.
The structure can be made up of beam elements for which the cross section and
temperature distribution have been defined from the thermal analysis. Calculations
involving truss or beam elements can be made considering large or small displacements.
The arc-length method (Rik's method) is used for the integration scheme to model partial
unloading. The criteria used for failure in the mechanical calculations is when the
stiffness matrix of the structure becomes negative, and convergence can not be obtained.
The user should be aware that SAFIR does not consider the effect of debonding,
or shear failure. These types of failures should be assessed by appropriate independent
calculations, if necessary.
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3.2.1 Fiber Type Beam Elements
The beam elements used by SAFIR are comprised of a series of fibers, which
represent each individual element of a cross section described in the thennal calculation.
Each fiber is given a centroid, an area, a defined material, and a temperature which varies
as a function of time. The forces induced by load and thennal strains cause the fibers to
expand and contract. The fibers can not separate from each other during the structural
simulation, and plane sections are assumed to remain plane. Local buckling is not
considered in beam element calculations.
3.2.2 Constitutive Models
The material properties of common structural steels and concrete are non-linearly
temperature dependent. Some of the materials included in the code are models for Si and
Ca based concrete, structural steel, prestressing steel, rebar, and some fonns of insulation
including gypsum board. The functional fonns of these properties are given in the
Eurocode and are programmed in the SAFIR code. The actual values of the functions are
governed by several user-specified parameters. SAFIR can be modified to follow user-
specified material models, but it is not set up to do this easily.
Only temperature-dependent elastic properties may be used for solid elements.
Temperature-dependent elastoplastic properties may be specified for the truss and beam
elements. The truss elements or each fiber of the beam are treated as uniaxial with
respect to the material properties. With this simple uniaxial model, it is possible to
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confinement is not effective, however, at the elevated temperatures produced by the
ASTM E119 test. The steel can become so soft that its confining strength is close to
zero.
There is another significant phenomena that occurs when a CFT is exposed to
extreme temperatures. That is the water which is released from the concrete at elevated
temperatures. This water not only assists in the debonding of the concrete, but, it is very
significant in absorbing heat from the fire, and cooling the section. SAPIR's beam
element does not account for the debonding of the steel and concrete, and although
SAFIR does model the effect of water within the concrete, it does not consider the
moisture that gets trapped between the steel and the concrete in the CFT. It is for this
reason that the temperatures calculated by SAFIR for this section are significantly hotter
then those measured in the later part of the actual furnace test.
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Temperature at the center of a eFT submitted to the
ASTM El19 Fire
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Figure 4.3.2.3
4.4 Residual Stress
Residual stress does not have a significant influence on the load bearing capacity
of a steel member in bending. But, it does have a significant effect on the load bearing
capacity of axially-loaded columns in compression. Extensive measurements of residual
stress were made at Lehigh in the 1970's. Figure 4.4.1 shows a typical residual stress
distribution in a rolled shape.
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Typical Residual Stress Distribution
+ Tension
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Figure 4.4.1
These residual stress measurements were collected and organized. Figure 4.4.2
shows a distribution of the absolute value of the peaks in the measured residual stress
distributions for rolled sections. The mean value of the peaks in the residual stress
distribution in rolled steel I-sections is about 25% of the minimum specified yield
strength (MSYS) of the steel. Some residual stresses were reported to be as high as
150% of the MSYS, however.
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Peak Residual Stresses Found as a Percentage
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Figure 4.4.2
Calculations were performed to determine the effect residual stress has on the
strength of a an axially loaded column. The results of these calculations are shown
below.
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Normalized Peak Load as a Function of Percentage of
Peak Residual Stress
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Figure 4.4.3
Residual stresses can reduce the load bearing capacity of a column by about 30%.
Also shown in Figure 4.4.3, is that residual stress has less effect at elevated
temperatures.
4.5 Slenderness
Calculations were performed using SAFIR to investigate the response of a few
different slenderness ratios. The load in these simulations was about the maximum
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design load, i.e. 60% of the capacity, Pn computed in accord with the AISe LRFD code
[27]. The result of these simulations for a W14X311 are shown below.
Average Temperature of a W14X311 Pinned Column
Heated According to ASTM El19
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Figure 4.5.1
There is a line drawn at 538°e. This would be the failure time as prescribed by
ASTM E119. It is not surprising to see that these columns are predicted to fail around
538°C. However, it was surprising to see that in some cases the temperature criteria was
unconservative. The difference in time between the simulated failure of the section with
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(KL/r)= 60, and the limiting temperature of 538°C was less then ten minutes, but this
simulation was run for a bare steel column. If this column had enough insulation to
achieve a two hour rating by the temperature criteria, then the difference between the two
failure times would be three times longer. In other words, a column with a two hour fire
rating by the temperature criteria, could fail in as little as an hour and a half.
Generally columns in buildings are not loaded to, their design load. This is
because the building columns are typically designed to limit displacement produced by
wind loads. Figure 4.5.2 shows the results of similar simulations to those in Figure 4.5.1,
except the load in this case is half of the typical design load or about 30% of Pn.
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538 Celsius
, W14x311
ASTM-E119
O+--+---t---1---l---+--t--f--1:--+--1--+--i
o 10 20 30 40 50 60
. Time (Minutes)
Markers indicate time of failure @ 0.5 X (0.6 X Pn)
1200
-.
CIJ 1000::J
CIJ
Q) 8000
---Q) 600lo-
:J
......
ctS
lo- 400Q)
0.
E 200Q)
l-
I cg] (KUr) =150 E8 (KUr) =60 + (KUr) =10
I.4MN 4.8MN 6.1 MN
Figure 4.5.2
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At half the design load, the simulated columns lasted longer than 538°C, but, the
longest lasting column still only lasted 40 minutes. Other simulations showed that
W14X311 columns loaded tQ.9(lly 10% of the design load (6% of Pn) still failed in less
than an hour. It is surprising that the magnitude of the axial load does not make a more
significant difference in the time to failure.
4.6 Application to a Continuous Structure
The structural responses of the individual elements are dependent on their end
constraints, which: 1) are strongly coupled to the response of the overall structure; and,
2) can have a major impact on element load-bearing capability. Without a frame-type
analysis, end constraints of the various structural elements that comprise a real structure
are unknown. In particular, such constraints are generally not similar for similar-looking
elements, not "simple," and not constant 'in time. It is clear that computational thermal
and structural analyses can provide a means of addressing and resolving these latter
issues.
Most furnace test data for columns are for single columns, simply because it is
too expensive to furnace test whole structural assemblies. A designer uses these tests to
prescribe the amount of fire proofing required for a given section. But, the accuracy of
this method is extemely inconsistent. In a typical building the redundant qualities of the
beams making up the structure give it far more endurance than would be predicted by
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tests on single members [32]. An analysis cif the frame in Figure 4.6.1 was conducted
to demonstrate the effect of continuity of the structure.
Five Bay Continuous Structure Submitted to
ASTM El19 Fire
1< 5 at4m
Figure 4.6.1
:>1
First, a no-load furnace test was simulated on the unprotected beams and
columns. These calculations indicated that the critical temperature, 538°e, was reached
in the column in 11.5 minutes, and in the beam in 13.3 minutes. Then, a simulation of
a loaded ASTM E119 furnace test was conducted. In this case, the column collapsed in
12.4 minutes.
Finally SAFIR. was used to simulate the response of the entire structure to an
ASTM El19 fire in the center bay. This frame has a distributed load on the beams over
all five bays. The magnitude of this load is such that the beams are at 0.6 times the
critical load, and the interior columns are at 0.4 times the critical load. An ASTM E 119
temperature history is prescribed' for all the surfaces of elements facing into the center
bay. In this frame simulation, the structure lasted 34.8 minutes before collapse.
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reasonably good agreement with fire test data. However, simple calculations cannot be t
used for composite cross sections, or non-isothermal temperature distributions.
3. The results of this evaluation show that SAFIR is the best software available for the
simulation of fire effects in structures. It is easy to use and the built-in database of
material properties and prescribed temperature histories are very useful. It is useful for
evaluating the fire resistance of all common types of construction. The fiber model for
beam elements has many advantages over conventional beam elements, including the
ability to model residual stress and prestressing, composite cross sections, and non-
isothermal temperature distributions.
4. Case studies verified the accuracy of SAFIR. For example, the buckling capacity of
steel columns at specific temperatures was computed using SAFIR as well as the
commercial finite-element software ABAQUS. The two computed results were in good
agreement with each other and were also in reasonable agreement with fire test data.
5. Case studies also demonstrated the usefulness of the special-purpose SAFIR software.
For example, SAFIR was used to model composite cross sections including concrete-
filled tubes (CFT). SAFIR, with its "fiber model" approach, is ideal for these types of
problems. Most commercial finite-element packages do not have this fiber-model
feature, therefore it is difficult to model composite cross sections using beam elements.
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With commercial finite-element software, three-dimensional solid elements can be used
to model this type of cross section, but it is impractical to model significant structural
frameworks using solid elements.
6. The failure of a column or other structural elements is highly dependent on the end
restraints. SAFIR simulations show that the time to failure of a column in a continuous
frame was more than three times longer than predicted from furnace testing. This is
among the numerous reasons that the ASTM E119 rating procedure is believed to be
excessively conservative.
7. It is clear that it is much more efficient to evaluate special situations and special
composite cross sections with a computational tool in lieu of fire testing. It is very
expensive to individually qualify each of these cross sections or situations in fire tests.
Many more cases can be simulated with a computational tool than can be tested.
.
Innovative structures can be easily evaluated with a computational tool.
7.2 Recommendations
Additional research should be performed to evaluate computational approaches for
fire rating structural elements. This additional research will help to instill confidence in
the U.S. building-code-making and -using community that a calculation-based ASTM
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E119-type method of determining fire resistance is a reliable alternative to the recognized
ASTM E119 furnace test method. The following tasks are recommended:
1: Further development of SAFIR
A number of enhancements were identified that could facilitate the use of SAPIR
and increase the usefulness of the results. Among these are a graphical user interface, a
means of writing selected results into a separate file for further processing with other
software, and enhanced graphics for the output.
2: Analyses of Fire-Resistant Steel
One of the recommendations from the Workshop on High-Performance Materials
in Fire held in Chicago on 18 May 1996 was "Characterizing and developing new high-
performance steels for fire". One major barrier to the acceptance of such steel in the
U.S. is that the current fire rating method is based on the attainment of a temperature
rather than the load-carrying capacity at that temperature [1,34]. Calculations with the
SAPIR computer software are an excellent method of demonstrating the improved fire
resistance of steel with improved high-temperature stress-strain properties in a fire.
3: Analyses of Prestressed Concrete Members
There are indications from researchers in Europe that prestressed concrete members
may be unconservatively designed for fire resistance. In particular, the gradient in
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thermal expansion of the members from the exterior to the interior may cause loss of
prestress forces and associated loss of load-carrying capacity long before the prestressing
steel begins to reach high temperatures. SAPIR. should be used to simulate the behavior
of prestressed concrete members to investigate this potential failure mode.
4: Further Evaluation of the Effects of Continuous Structures
Larger assemblies, including some 3-D structures with fire scenarios in individual
rooms should be analyzed.
5: Simulations with Real Fire Scenarios
There is an extraordinary large amount of data that suggests that the ASTM E119
temperature history is too severe. Simulations should be performed using more realistic
fire temperature histories.
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